cesses, namely, enrichment and purification. In the enrichment process, γ-oryzanol is separated from the bulk impurities i.e., glycerides and free fatty acids FFAs to obtain the fraction containing concentrated γ-oryzanol. Then, the minor impurities along with γ-oryzanol are further removed from the γ-oryzanol-rich fraction by means of a purification process. To obtain a high purity of the γ-oryzanol, each process may consist of several consecutive recovery steps.
The methods used for enrichment of γ-oryzanol from RBAO were invented by Japanese researchers and reported in 1961 15 . Their strategy was to lower the boiling point of RBO by converting the RBO to fatty acid methyl esters FAMEs followed by distilling the FAMEs from the residue rich in γ-oryzanol. This method was also applied for the enrichment of γ-oryzanol from the residue of RBO biodiesel 16 .
In that study 16 , the FAME prepared from acid-catalyzed methanolysis of dewaxed/degummed RBO was removed by vacuum distillation. The γ-oryzanol content could be increased from 3.17 in the starting FAMEs to 16.18 in the residue. However, a major drawback of that method is the relatively high energy requirement for distillation of the huge FAME excess. Acid-base extraction is a versatile liquid-liquid extraction technique used for the separation of solutes containing acidic or basic moieties from a mixture of neutral compounds. In addition, acid-base extraction can be used to separate weak acids or bases from strong acids or bases that have large difference in their pK a or pK b . This characteristic has been developed for extraction and determination of steryl ferulates in cereal samples 17 . The steryl ferulates were deprotonated to form an anionic species at pH 10 that remained in the alkaline aqueous phase, while the neutral lipids were extracted into the hexane. Advantages of that method were its rapidity and low energy consumption, but limitations of that method were the difficulty in phase separation due to the high viscosity of the sample and the high occurrence of soap. The viscosity of oil can be reduced by converting the oil to its alkyl esters 18 . The production of biodiesel in the form of fatty acid ethyl ester FAEE is considered better than the form of FAME, given that FAEE is safer to handle and is more environmentally friendly 19 .
The conventional optimization approach is usually based on the one-fact-at-a-time OFAT , which is time-consuming, and the investigator is unable to study the effects of interactions among various variables 20 . Response surface methodology RSM is a powerful tool used for identifying the effect of independent parameters and their interactions on extraction performance as well as improving the productivity and to optimize the operating conditions. The RSM includes the step of screening experimental design, method of steepest ascent and response surface design 21 .
This approach has been used successfully for developing, improving and optimizing several production processes from agricultural and industrial waste 22 24 .
To our knowledge, there has been no report on the application and optimization of the acid-base extraction method for recovery of γ-oryzanol from RBAO. In this study, the RBAO was converted to FAEE, and the alkaline ethanolic solution and hexane were then used for extraction of γ-oryzanol from the FAEE. Because the yield of γ-oryzanol and FAEE depends strongly on the interaction of extraction parameters that may produce synergistic or antagonistic effects, the RSM based on central composite design CCD and desirability function approach was used for maximizing the γ-oryzanol yield with desired yield of FAEE. In addition, the oryzanol-rich fraction obtained from the optimization process was further purified, and its antioxidant activities were investigated.
Materials and methods

Materials
The RBAO was a gift from Surin Rice Bran Oil Co., Ltd. Surin Province, Thailand . Tri-, di-and mono-stearin used as standards for tri-, di-and mono-acylglycerol, respectively, were purchased from Sigma-Aldrich St. Louis, MO, USA . A food grade γ-oryzanol 98.1 purity was obtained from Oryza Oil & Fat Chemical Co., Ltd. Ichinomiya, Japan . Stearic acid C18:0 and its ethyl ester Sigma-Aldrich, St. Louis, MO, USA were used as standards for FFA and FAEE, respectively. Potassium persulfate K 2 S 2 O 8 and 2,2-diphenyl-1-picrylhydrazyl DPPH were obtained from Sigma-Aldrich St. Louis, MO, USA . Isooctane and toluene were of HPLC grade RCI Lab Scan Co. Ltd., Bangkok, Thailand . All other chemicals used were of analytical grade and were used as received without further purification.
Preparation of FAEE
The FAEE was prepared by acid-catalyzed esterification/ transesterification of RBAO with ethanol. Briefly, RBAO 500 g, 1 mole was reacted with ethanol 2.35 L, 40 moles and HCl 10 in ethanol in a three-necked 5-L flat-bottomed flask equipped with a magnetic stirrer and a condenser. The reaction was performed at 60 for 120 min and was stopped by adding 10 Na 2 CO 3 . The reaction mixture was left to separate, and the glycerin phase was discarded. The excess ethanol in the FAEE was removed by a rotary evaporator. To minimize the sample variation effect in the next step of the extraction, 8 batches of FAEE total weight of 4 kg RBAO were prepared, combined and kept at 4 and were used as starting material throughout the present study. The content of γ-oryzanol in the FAEE was determined by high performance size exclusion chromatography HPSEC using the external standard curve method.
Extraction of γ-oryzanol from FAEE
The γ-oryzanol was extracted from FAEE through the acid-base extraction method, which was carried out by: 1 deprotonating the neutral form of γ-oryzanol to the sodium salt, 2 protonating to the neutral form and 3 extracting with ethyl acetate. Briefly, ten grams of FAEE containing 0.5028 0.0164 g of γ-oryzanol was stirred in a 100-mL Erlenmeyer flask. Hexane was added and then followed by a solution of aqueous ethanolic NaOH. The mixture was stirred for 1 min and centrifuged at 2,683 x g for 10 min. The lower phase was washed once with hexane and then adjusted to pH 7 with glacial acetic acid. The γ-oryzanol was extracted with ethyl acetate 3 20 mL from the aqueous ethanol phase, obtaining the γ-oryzanol-rich fraction. Two milliliters of the hexane fraction and ethyl acetate extract were taken and dried under nitrogen gas. The dried samples were weighed, re-dissolved in toluene and analyzed by HPSEC. The lipid components were identified by comparing with reference standards and quantitated from the standard curves of the individual lipid. 2.4 Puri cation of γ-oryzanol from γ-oryzanol-rich fraction The ethyl acetate extract containing 10.8 γ-oryzanol from Section 2.3 was washed gently with a half volume of 2 Na 2 CO 3 solution in a separation funnel 5 times. Two milliliters of washed ethyl acetate extract was taken and dried under nitrogen gas. The dried samples were weighed, dissolved in toluene and analyzed by HPSEC. A schematic illustration of sequential steps for preparation of γ-oryzanol and biodiesel from RBAO is shown in Fig. 1 .
Measurement of antioxidant activity
To confirm the feasibility of the present process for extraction of γ-oryzanol, the scavenging activity of the prepared and the food-grade commercial γ-oryzanol on the DPPH radical and ABTS radical was measured and compared. 2.5.1 DPPH radical scavenging assay DPPH radical scavenging activity was determined according to the method described by Bersuder et al. 25 with slight modifications. Briefly, the sample in ethanol was allowed to react with 2,2-diphenyl-1-picrylhydrazyl solution 0.1 mM DPPH in ethanol . The mixture was vortexed and then incubated in the dark for 30 min at room temperature. The absorbance of the reaction mixture was measured at 517 nm UV-1601, Shimadzu, Kyoto, Japan .
The experiments were performed in triplicate. The antioxidant capacity was expressed as percent inhibition of DPPH radical relative to the control and was calculated according to Eq. 3 . where A c 517 absorbance at 517 nm of 400 μL ethanol 2 mL of 0.1 mM ethanolic DPPH solution, A s 517 absorbance at 517 nm of 400 μL of 100 μg/ml ethanolic sample 2 mL of 0.1 mM ethanolic DPPH solution, and A o 517 absorbance at 517 nm of 400 μL of 100 μg/ml ethanolic sample 2 mL of ethanol 2.5.2 ABTS radical scavenging assay The ABTS radical scavenging activity was determined according to the method described by Türkyılmaz et al. 26 with slight modifications. Briefly, the ABTS radical cation was generated by mixing the 2:1 volume of 7 mM ABTS solution 38.4 mg ABTS/10 mL ethanol and 2.45 mM potassium persulfate solution 6.62 mg K 2 S 2 O 8 /10 mL ethanol and was then kept in the dark for 16 h at room temperature. Before analysis, the ABTS radical solution was freshly diluted with ethanol to get the absorbance of 0.70 0.02 at 734 nm and equilibrated at 30 . To determine antioxidant activity, 20 μL of 1 mg/mL γ-oryzanol was mixed with 3,980 μL of ABTS solution. The mixture was then kept in the dark for 6 min, and the absorbance was measured at 734 nm. The control solution was 99.8 ethanol and was used as blank. The ABTS scavenging effect was calculated according to the following equation: where A c 734 absorbance at 734 nm of diluted ABTS solution at the beginning of the analysis, and A s 734 absorbance at 734 nm of the mixture after 6 min.
DPPH radical scavenging activity
HPSEC analysis
The HPLC system consisted of a pump model 515 Waters Associates, Milford, MA, USA , a Rheodyne 7125 six-port valve injector, a 20 μL loop and a Sedex 80 evaporative light scattering detector ELSD; Sedere, Alfortville, France . The ELSD drift tube and N 2 gas pressure were maintained at 30 and two bars, respectively. Samples were analyzed on a 100-Å Phenogel column 300 7.8 mm. ID., 5 μm Phenomenex, Torrance, CA. protected with a Phenogel guard column 50 mm 7.8 mm ID, 5 μm Phenomenex, Torrance, CA, USA . The mobile phase was toluene/isooctane/acetic acid 70:30:0.05, v/v/v at the flow rate of 1.0 mL/min 27 .
Experimental design and statistical model
In this study, CCD was used to investigate the effect of NaOH concentration A , ethanol in water B and hexane in the total volume of hexane and aqueous ethanol C on the yield of γ-oryzanol and FAEE in the rapid extraction of γ-oryzanol from FAEE of RBAO. The design consisted of 17 runs with three replicates at the central point. All independent variables were examined at five levels α, 1, 0, 1, α given that α 2 k ¼ and the real and coded values of independent variables used in CCD are given in Table 1 . For statistical calculations, the variables were coded by the Eq. 5 ,
where X i is a coded value of the independent variable, x i is the actual value of the independent variable, x 0 is the actual value of independent variable in the center of the domain, and ∆ x i is the step change value. The results of experiments were fitted to a 2 nd -order equation as shown in Eq. 6 .
where y is the experimental response; β 0 is a constant; β 1 , β 2 and β 3 are the linear coefficients; β 11 , β 22 and β 33 are quadratic coefficients; and β 12 , β 13 and β 23 are the interaction coefficients of independent variables: A, B and C. The percentage of γ-oryzanol yield and FAEE yield were considered responses. ANOVA analysis p 0.05 was used to interpret the significance of independent variables and their interaction. The adequacy of the model was verified using the determination coefficient R 2 , F-value, p-value of model and lack-of-fit testing. The designs and analyses of the experiments were performed with the Minitab® statistical software version 18 Minitab Inc., State College, PA, USA .
Optimization and model validation
The contour plots of the quadratic models obtained from the CCD were overlaid to find the optimal location. Then, optimization of the multiresponse was achieved using Derringer s desirability function operated by response optimizer software 28 30 . The general methodology is divided into two steps: 1 convert the response into an individual desirability function d i that varies between 0 and 1 lowest to highest desirability , and 2 the individual response desirability functions are then combined into composite desirability function D to determine the best joint response using the Eq. 7 .
where D is the composite desirability, d i is individual response desirability and wi is a response weight ranging from 1 for the least to 5 for the most important . The individual desirability function of maximized and target values is described by Eq. 8 and Eq. 9 , respectively. 
where y i is the predicted value response, L i is the lowest acceptable value response, U i is the highest acceptable value response, T i is a target value response, r i is a weight of desirability function of response that is set by the analyst to determine how important is it for y i to be close to the maximum or minimum. In this study, each response was calculated to find the optimum parameters for maximizing the percentage of γ-oryzanol yield and target the percentage of FAEE yield, respectively.
The optimal coded values derived from the response optimizer were then converted to the natural values. The validity of the model was examined by comparing the experimental and the predicted values.
Results and Discussion
The RBAO a mixture of FFA and glycerides with high viscosity was converted to FAEE by acid-catalyzed esterification/transesterification to reduce viscosity and to promote homogeneity of the starting raw material for the extraction of γ-oryzanol. The γ-oryzanol has one phenolic -OH group on the molecule that can be deprotonated and protonated under basic and acid conditions, respectively. Thus, the dissolved γ-oryzanol in FAEE was deprotonated under the alkaline conditions to form a sodium salt of γ-oryzanol that is readily soluble in aqueous solution. The hexane and ethanol were, respectively, used as a solvent to increase the solubility of FAEE in the hexane phase and of γ-oryzanol in the aqueous ethanol phase. The two phases were separated by centrifugation. Then, the γ-oryzanol in the aqueous ethanol phase was recovered by protonating the salt with glacial acetic acid, followed by extracting with ethyl acetate. Unfortunately, under alkaline conditions, the FAEE can also be hydrolyzed and form soaps that further hinder the separation of γ-oryzanol from the aqueous ethanol phase. In addition, the FAEE can be dissolved in both ethanol and in hexane. Therefore, the main factors affecting the yield of both products would have to be optimized.
Experimental design and statistical model
The independent variables for the enrichment of γ-oryzanol from FAEE were NaOH concentration A , ethanol in water B and hexane in the total volume of hexane and aqueous ethanol C . The optimization aimed to achieve the highest γ-oryzanol yield with FAEE yield of more than 50 . The CCD was applied using level concentrations of all three variables based on our preliminary full factorial design and the path of steepest ascent experiments. The experimental setup was performed using five levels 1.68179, 1, 0, 1 and 1.6879 with three factors and comprised 17 experimental runs including 8 2 3 vertex points, 6 2 3 axis points and 3 center points. These results confirmed the predictability of the models. Table 3 presents the analysis of variance ANOVA for the percentage of γ-oryzanol yield and of FAEE yield. Based on the statistical significance, the p-value of the quadratic polynomial models of both responses were 0.05, indicating that the models were statistically significant. This significance has been confirmed with the high coefficients of R 2 of 86.53 and 90.72 for γ-oryzanol yield and FAEE yield, respectively. Furthermore, the p-value for lack of fit p 0.05 of γ-oryzanol yield and FAEE yields were insignificant relative to pure error, thereby confirming the validity of the models.
Effect of the variables on percentage of γ-oryzanol
and FAEE yields In this study, F-value and p-value were used to determine the significance of each variable and their interactions Table 3 . The corresponding variables are more significant if the F-values become greater and the p-values decrease 31 . The negative and positive effects of each parameter can be traced from the symbols of the equations Eqs. 10 and 11 . The contour plot graphs Fig. 2 a1 -b3 also show the effect of interaction between the variables on the responses.
From Table 3 and Eq. 10 , the concentration of NaOH A significantly affected both responses. In case of γ-oryzanol, the yields were increased with increasing NaOH concentration Fig. 2 a1 and a2 because more deprotonated γ-oryzanol was generated. However, the A showed a negative effect on the FAEE yield Fig. 2 b1 and b2 and Eq. 11 . This effect can be described as the hydrolysis of FAEE being much higher in the presence of water and strong base catalyst, leading to more soap formation in the aqueous phase. The percentage of ethanol in water B was found to be the most negative effect variables on the FAEE yield Table 3 , Eq. 11 and Fig. 2 b1 and b3 , possibly due to the improved dissolution of the FAEE in ethanol.
Hexane was used as a solvent to dissolve the FAEE and to promote the separation of the two phases during partitioning of the deprotonated γ-oryzanol into the aqueous ethanol phase. The greater the percentage of hexane in the extractant C , the lower the yield of γ-oryzanol that was obtained Table 3 , Fig. 2 a2 and a3 and Eq. 10 . Although γ-oryzanol is less soluble in hexane than in ethanol 32 , its side chain-sterols and triterpenoid alcohols could be dissolved in hexane 33 . However, the C showed a positive effect on FAEE yield Table 3 , Fig. 2 b2 and b3 and Eq. 11 due to good dissolution of the FAEE in hexane.
Although the B did not show a significant effect on γ-oryzanol yield, the interaction between A and B was significantly affected in its yield Table 3 and Fig. 2 a1 . Low γ-oryzanol yield was observed in the treatment of low A and B, which was attributed to less deprotonated γ-oryzanol and poor solubility of the un-ionized γ-oryzanol in the polar aqueous phase. However, the γ-oryzanol yield was increased by increasing either A or B or both. The possible reason may be highly deprotonated γ-oryzanol occurred as A increased and better dissolution of γ-oryzanol in aqueous ethanol phase with increasing B. In general, γ-oryzanol is soluble in alcohols 34 but insoluble in water.
These results agree well with previous studies that reported that the extractability of γ-oryzanol from rice bran in- Fig. 2 Contour plot of percentage of γ-oryzanol yield for the effect of a1 NaOH cocentration and ethanol; a2 NaOH concentration and hexane; a3 ethanol and hexane and percentage of FAEE yield for the effect of b1 NaOH cocentration and ethanol; b2 NaOH concentration and hexane; b3 ethanol and hexane.
creased along with the decrease of moisture content in the ethanol 35, 36 . More than 90 and 70 yields of γ-oryzanol were obtained when using high A with low B and low A with high B as extractant, respectively Table 2 , suggesting that the effect of A was greater than the effect of B. However, all of these conditions gave the low percentages of FAEE yield.
Optimization and validation study
The optimum conditions by which both γ-oryzanol and FAEE yields were maximized were determined mathematically using the quadratic equation obtained previously Eqs. 10 and 11 . According to Lagrange s criterion for three variable functions 37 , no maximum point could be established for the yield of γ-oryzanol while attaining the highest percentage of FAEE yield.
Response optimizer makes use of the composite desirability D to measure how the solution satisfied the combined goals for all the responses under investigation 28 30 .
Composite desirability ranges from zero to one in that one represents the ideal case whereas zero indicates that one or more responses are outside their acceptable limits. With response optimizer, attaining the highest percentage of γ-oryzanol yield was the goal of this study while the percentage of FAEE yield was targeted at 55 as can be observed on the overlay contour plots between the percentage of γ-oryzanol and FAEE yields Fig. 3 . The results obtained in the subsequent application of response optimizer indicated that the highest percentages of γ-oryzanol yield 78.18 could be achieved when the extraction of sample was carried out using variables A, B and C as 1. 3.4 Purification of γ-oryzanol from the γ-oryzanol-rich fraction The γ-oryzanol-rich fraction prepared by using the optimum conditions of the previous section was further purified by washing 5 times with a half volume of 2 Na 2 CO 3 solution to remove the FFA impurity. Figure 4 shows the HPSEC chromatogram of the purified sample. The FAEE and FFA impurities were also observed in the same chromatogram, resulting in 89.90 purity with 69.94 recovery yield of γ-oryzanol. The purity and yield obtained in this study were higher than those previous reported by Kasim et al. 79 .37 purity with 69.82 recovery yield 16 , given that our sample preparation steps were more streamlined, much less laborious and require considerably less organic solvent. In that study 16 , they applied numerous steps including liquid-liquid extraction, lipase catalyzed methanolysis, Soxhlet extraction and silica gel column chromatography for recovery of γ-oryzanol from the residue of RBO biodiesel. In addition, in the enrichment of the γ-oryzanol residue from biodiesel, vacuum distillation was employed that required high energy consumption. The purity and yield obtained in our study were also higher than those reported by Kaewboonnum et al. 13 , who used ethyl acetate followed by a two-step crystallization process to obtain 74.6 purity and 55.17 yield of γ-oryzanol from dehydrated saponified soapstock.
Antioxidant activity
The antioxidant activities of the purified γ-oryzanol 89.90 purity prepared from the enriched fraction under optimum conditions 1.855 M NaOH, 75.91 v/v ethanol in water, 20.59 v/v hexane in the total volume of extractant, 10:100 w/v FAEE to extractant, room temperature, and time 1 min and washed 5 times with a half volume of 2 Na 2 CO 3 solution were determined and compared with those the commercial γ-oryzanol 98.1 purity . The DPPH radical scavenging activities of commercial and the prepared γ-oryzanol were 24.81 0.16 and 20.46 0.21 , respectively. Whereas the ABTS assay showed the radical inhibitions of 57.40 1.19 and 44. 32 1.45 of commercial and the prepared γ-oryzanol, respectively. The antioxidant activities of our γ-oryzanol were lower than the commercial γ-oryzanol, possibly because of its lower purity. However, it can be used as a potent antioxidant due to its ability to scavenge free radicals and was comparable with commercial γ-oryzanol.
Conclusions
This is the first study reporting the use of an acid-base extraction method with process optimization for extraction of γ-oryzanol from RBAO. The results demonstrated that value added products, FAEE and γ-oryzanol, could be produced from low-cost RBAO with the desired yield. Extraction of FAEE prepared from RBAO with 1.855 M. NaOH, 75.91 ethanol in water and 20.59 hexane in the total volume of extractant resulted in yields of γ-oryzanol and FAEE of 78.13 and 55.80 , respectively. The extraction process was operated at room temperature for a very short time 1 min . Therefore, energy consumption for evaporation of hexane, ethanol and ethyl acetate from the finished products are lower than the energy consumption of the vacuum evaporation for removing the FFA or biodiesel from the samples, as reported by other studies. In addition, the subsequent purification step of the γ-oryzanol-rich fraction was very simple and rapid, without compromising purity and recovery yield. The extracted γ-oryzanol showed effective scavenging activity against DDPH radicals 20.46 and ABTS radicals 44.32 . This study presents a rapid and simple method that is capable of extracting γ-oryzanol from rice bran soapstock at high purity and recovery yield, translating into considerable cost savings in terms of energy consumption, operational efficiency and solvent usage to pave the way for the rice bran refining industry to scale up γ-oryzanol production.
